IT IS NOW WIDELY ACCEPTED that, in addition to humoral and neuronal factors, changes in amino acid availability have profound effects on many aspects of cell function, including regulation of cell signaling and gene expression as well as transport and metabolism of amino acids themselves (30, 64, 93 ). The precise mechanisms by which changes in amino acid availability are sensed have become the focus of considerable recent interest because of the effect that this class of organic nutrients has upon signaling via the highly conserved GCN (general control nonrepressed) and TOR (target of rapamycin) pathways (9, 98, 100) . Cellular amino acid deficiency enhances the abundance of uncharged tRNAs, resulting in activation of GCN2, a protein kinase that targets eukaryotic translation initiation factor (eIF)2␣ (104) . GCN2-mediated phosphorylation of eIF2␣ serves to repress global mRNA translation but does not abate the synthesis of a few select proteins (e.g., the transcription factor ATF4/CREB2) that crucially support expression of genes encoding amino acid transporters and amino acid biosynthetic enzymes (64) . Consequently, activation of the GCN pathway not only serves to restrain further loss of amino acids from the free intracellular pool but acts as a corrective measure aimed at restoring the normal cellular amino acid economy. By contrast, the TOR signaling complexes play an important role in the stimulatory control of cell growth and proliferation (100) . For example, in mammalian cells, the mTORC1 complex is acutely responsive to amino acid sufficiency and signals to translational effectors such as the ribosomal S6 kinases (S6Ks) and eIF4E-binding protein-1 (4E-BP1) to enhance mRNA translation during periods of plentiful nutrient supply (9, 21, 97) . The amino acid sensing mechanisms that lie upstream of the GCN2 and TOR pathways are beginning to be revealed (9, 98) and amino acid transporters, as the initial point of contact between cell and environment, are increasingly thought to play a pivotal role in nutrient sensing and signaling (57) . Amino acid transporters exhibiting a dual transporter/receptor ("transceptor") function have been demonstrated in lower eukaryotes such as yeast [e.g., Gap1, (25) ] or Drosophila [e.g., path (43) ], and there is now emerging evidence to suggest that physiologically important mammalian amino acid transporters (e.g., SNAT2) may regulate nutrient signaling not only via their capacity to modulate the free intracellular amino acid pool but through their ability to sense changes in extracellular amino acid availability (55) . The capacity to monitor and distinguish between extracellular and intracellular quantity and quality of amino acids enables cells to respond appropriately to changes in nutritional state. This is particularly apparent in unicellular organisms such as yeast, but recent work indicates that cells of complex multicellular organisms, including humans, retain some of these nutrient-sensing capabilities. This review focuses on recent evidence supporting the role played by distinct amino acid transporters in nutrient sensing, highlighting their largely unacknowledged, but potentially important role as regulators of nutrient signals generated, for example, via the TOR pathway.
Impact of Amino Acid Transporters on The Intracellular Amino Acid Pool and Its Implications for Amino Acid-Dependent Signaling
The size and composition of the free intracellular amino acid pool will depend on the relative activities of processes that remove or add amino acids to this compartment, such as the synthesis and breakdown of cellular protein, aminoacyl tRNA charging, amino acid breakdown, and biosynthesis ( Fig. 1) . However, it is widely accepted that the ability to maintain intracellular amino acids at concentrations greater than or equal to that found in the extracellular environment is greatly facilitated by the presence of a multitude of amino acid transporters in the plasma membrane, some of which function to actively concentrate amino acids inside cells, whereas others may facilitate cellular efflux by counterexchange mechanisms (82) . In higher eukaryotes, a particular amino acid may be a substrate for several different transporters. Traditionally, many of these amino acid transporters, or "systems," were classified on the basis of features reflecting aspects of their transport mechanism (i.e., ion dependence), substrate specificity, and regulatory characteristics, such as sensitivity to hormonal or stressinducing factors (17) . However, over the past decade, there has been significant progress in the molecular identification of the carrier proteins themselves that has led to a much greater appreciation of their functional role within cells in which they are expressed [see reviews (15, 61, 72, 80, 82, 83, 95) ]. Amino acid transporters that have now been cloned have been reclassified and organized into families that form part of the solutelinked carrier (SLC) group of membrane transport proteins.
Role of Secondary Active Amino Acid Transporters
Several amino acid transporters (including members of the SLC38 System A and System N family) function as secondary active transporters, coupling the uphill transfer of amino acids to the inward movement of Na ϩ down its electrochemical gradient, whereas others (e.g., SLC1 System X ϪAG family) may also couple to gradients for K ϩ and H ϩ (61) . These transporters promote the intracellular accumulation of substrate amino acids and thus impact on signaling pathways modulated by intracellular nutrient receptors. The transport cycle of many of these transporters is rheogenic (i.e., it generates an ionic current) and may produce a change in voltage across the cell membrane of sufficient magnitude to trigger the activation of voltage-sensitive signaling mechanisms. For example, the glutamine-induced secretion of glucagon-like peptide-1 from intestinal L-cells has been suggested, in part, to be driven by membrane depolarization associated with the small inward current generated by Na ϩ -coupled glutamine uptake via the SLC38A2 (SNAT2) transporter (88) . Another potentially important consequence of membrane depolarization associated with rheogenic amino acid uptake is that it may induce an increase in intracellular Ca 2ϩ . Gulati et al. (46) have recently demonstrated that amino acid supplementation increases intracellular Ca 2ϩ in HeLa cells and that this is required to support the nutrient-induced activation of the TORC1 complex via modulation of the human vacuolar protein-sorting 34 (hVps34, a class III PI 3-kinase). However, the extent to which this mechanism plays out in other cell types and the degree to which changes in cytosolic Ca 2ϩ are truly dependent on amino acid delivery mechanisms across the plasma membrane remain, as yet, to be explored in detail.
Significance of Plasma Membrane Amino Acid Exchangers for Amino Acid Signaling
In addition to carriers that operate in a concentrative manner, cells also possess amino acid transporters that function as tertiary active exchangers, such as System L and ASC (Fig. 2) . The transport activity known as System L is a heterodimeric protein complex composed of a light subunit (LAT1 or LAT2) that functions as an amino acid permease and a glycosylated heavy subunit (4F2hc/CD98) that supports translocation and insertion of the transporter complex into the plasma membrane (95) . Although System L is expressed ubiquitously in mammalian tissues, it is particularly prominent in cells that exhibit rapid growth/turnover, where it mediates the cellular uptake of indispensable amino acids, most notably the branched-chain amino acids (BCAA) that exert a powerful stimulatory influence on the TOR pathway (9) . In prophase-arrested Xenopus oocytes, which do not express any appreciable leucine influx, we (18) have shown that activation of the TOR-S6K1 axis is refractory to stimulation under conditions when oocytes are incubated with buffer containing a physiological amino acid mix. However, sensitivity of the TOR pathway to extracellular amino acids can be instated in this system by the expression of LAT1/CD98, strongly suggesting that System L functions essentially as a conduit for delivery of amino acids to an intracellular amino acid receptor that lies upstream of TOR (18) . This concept is further consolidated by the finding that microinjection of leucine directly into the cytoplasmic compartment of oocytes, in the absence of any System L expression, is sufficient for inducing TOR-S6K1 signaling (18) . We suggest that the function of System L as a conduit for leucinedependent TOR signaling is unlikely to be restricted to amphibian oocytes, and, indeed, the leucine analog b(Ϫ)-BCH [2-aminobicyclo(2,2,1)heptane-2-carboxylic acid], used as a competitive inhibitor of leucine uptake via System L, inhibits the stimulatory effect of leucine upon S6K1 in rat cortical neurons (59) . The possibility that b(Ϫ)-BCH acts in this case at a leucine-binding site distinct from the System L transporter cannot be excluded, although our studies in Xenopus oocytes did not reveal any influence of microinjected b(Ϫ)-BCH on the TOR pathway (18) .
System L operates as an obligatory 1:1 heteroexchanger facilitating uptake of leucine (and the other BCAAs) in exchange for certain cytoplasmic amino acids accumulated via secondary active transporters (e.g., SNAT2) such as glutamine (Fig. 2) . Consequently, this tertiary active process may promote net accumulation or loss of System L substrates under circumstances when the activities of secondary active transporters are themselves subject to modulation (e.g., in response to hormonal or stress stimuli). Evidence supporting this functional linkage between amino acid transporters is now beginning to emerge. Sustained incubation of skeletal muscle cells with the nonmetabolizable amino acid analog methyl-aminoisobutyric acid (Me-AIB), a paradigm substrate for System A (i.e., SNAT1, SNAT2, and SNAT4), results in the competitive exclusion and intracellular diminution of amino acids that normally serve as substrates for this transporter family. Since Me-AIB itself is unable to participate in System L heteroexchange, sustained cell incubation with this amino acid analog also promotes an attendant reduction in the intracellular accumulation of BCAAs (12) . In other mammalian cells, the accumulation of System L substrates can be reduced by incubation of cells with ceramide, a sphingolipid that inhibits the activity and surface expression of SNAT2 (56) and 4F2hc/CD98 (44) and which, by doing so, induces a concomitant reduction in TOR signaling and cellular protein synthesis. We now have more direct evidence of SNAT2/System L coupling that comes from experiments involving the heterologous expression of these transporters in Xenopus oocytes. Expression of System L (LAT1/CD98) alone in oocytes confers a significant increase in leucine transport that is further trans-stimulated by microinjection of glutamine (a substrate of both SNAT2 and LAT1) directly into LAT1/CD98-expressing oocytes, confirming the ability of the two amino acids to heteroexchange through System L. Significantly, the net accumulation of leucine by LAT1/CD98-expressing oocytes from a physiological amino acid mix is enhanced (ϳ2-fold) upon coexpression of SNAT2, coincident with a lower accumulation of glutamine than seen with oocytes expressing only SNAT2 (unpublished data). We hypothesize that such coupling may be highly relevant to amino acid signaling, whereby amino acids that are substrates for both Systems A and L (notably glutamine, due to its relatively high abundance in body fluids) provide a crucial counterdrive for the cellular uptake of leucine (and related System L substrates, including isoleucine, valine, phenylalanine, and tryptophan) via System L and thus enhance their ability to stimulate TOR signaling. In this regard, it is noteworthy that studies in cultured Jurkat cells show that activation of mTOR signaling following a period of amino acid depletion is observed only when cells are repleted using amino acid media containing both leucine and glutamine (36) .
Implication of a Change in Transmembrane Amino Acid Distribution for Amino Acid Signaling
One important consequence associated with the accumulation of amino acids in the cytoplasmic pool as a result of the activity of secondary active transport mechanisms (e.g., SNAT2 and members of the SLC1 glutamate transporter family) is that their bulk flow establishes an osmotic gradient for the passive influx of water molecules that promote cell swelling. An increase in glycogen and protein synthesis as well as a reduction in protein breakdown have been linked to an increase in intracellular volume that stems from the cell swelling event in tissues such as liver (90) and skeletal muscle (70, 71) . Although the increase in liver glycogen synthesis is not thought to involve mTOR signaling (90) , there is some suggestion, at least in skeletal muscle cells, that the increase in cell volume may activate the TOR pathway through an adhesion/integrindependent mechanism (70, 71) . Consequently, although the active accumulation of amino acids serves as an important stimulus to enhance TOR signaling, it is plausible that a component of the anabolic stimulus attributed to the increased intracellular amino acid pool may be derived from that associated with increases in intracellular volume. Equally, amino acid loss or deprivation would be expected to restrain TOR signaling as a result of cellular dehydration/shrinkage. Indeed, loss of glutamine, which accounts for a significant component of the free intracellular amino acid pool, not only results in a reduction in cell volume but significantly blunts the stimulation of the TOR pathway in response to extracellular leucine provision (36) . The notion that suppression of mTOR signaling is linked to a reduction in the cytosolic glutamine pool may be of importance in the context of certain muscle wasting conditions. In skeletal muscle, the free intramuscular glutamine pool can fall rapidly and very significantly during a number of disease and injury states (e.g., cachexia, sepsis, uremia, surgical trauma) in which a loss of lean muscle mass is a characteristic feature (5, 96) . The rapid loss in intramuscular glutamine associated with such pathologies has, in part, been attributed to the accelerated carrier-mediated efflux of the amino acid (53) . Intriguingly, inducing either a "sepsis-like" state in rats by intraperitoneal injection of lipopolysaccharide (66) or muscle atrophy by spinal chord transection (26) markedly reduces the signaling capacity of the TOR pathway in skeletal muscle. Although these latter studies did not examine whether the observed defect in TOR signaling could be attributed to a loss in intramuscular glutamine, reducing the intramyocellular concentration of this amino acid by suppressing the activity or expression of SNAT2 not only enhances cellular proteolysis but impairs mTOR/S6K1 signaling in L6 muscle cells (28, 29) . It follows from these observations that the fidelity with which amino acids, such as leucine, can exert an influence on cell signaling is critically dependent on not only maintaining cellular hydration but preserving the transmembrane concentration gradient of glutamine and potentially that of other SNAT2 amino acid substrates, which, although regarded as nonessential, are physiologically indispensable from the perspective of preserving the primacy of leucine in terms of TOR signaling (9) .
Although a reduction in the intracellular amino acid pool has a profound suppressive effect on TOR signaling, a fall in amino acid availability increases the amount of uncharged tRNAs that induce the GCN2 pathway (11) . Activation of the latter serves to selectively repress global protein synthesis but permits expression of a subset of proteins (e.g., the transcription factor ATF4) that crucially support cellular adaptation to an altered nutrient state (7, 64) . The importance of GCN2 and ATF4 with respect to intracellular amino acid sensing and cellular adaptation is underscored by studies in which silencing their expression by RNA interference or expression of dominant negative mutants severely attenuates upregulation of genes encoding amino acid biosynthetic enzymes (e.g., asparagine synthetase) and amino acid transporters (e.g., ASCT1, CAT1, LAT1, SNAT2) by stimuli that induce the general amino acid control response (4, 74, 84) . Intriguingly, although ATF4 is normally viewed as a stress-responsive gene (13, 49, 101) , very recent work has suggested that this transcription factor can also be upregulated independently of the GCN2 pathway by insulin in a rapamycin-sensitive fashion (4, 74). Malmberg and Adams (74) recently reported that, although insulin and the GCN2 pathway are able to oppose the repressive effects of glucocorticoids on ATF4 expression in mouse L cells, their concerted action is additive with respect to increasing ATF4 mRNA and synergistic with regard to expression of ATF4-dependent genes that promote the uptake and synthesis of amino acids. These observations imply that insulin signaling associated with amino acid sufficiency on the one hand (representing a state of anabolism) and GCN2 activation associated with amino acid deficiency on the other (representing a catabolic state) utilize ATF4 as a point of convergence for the regulation of genes involved in the control of cellular amino acid supply. What remains to be established is whether the insulin-stimulated induction in ATF4 arises as a direct outcome of insulin receptor signaling to TORC1 or whether it represents an indirect effect associated with the stimulation of amino acid influx via transporters such as SNAT2 and the System L heteroexchanger.
Amino Acid Transporters as Nutrient Sensors: the Transceptor Concept
The preceding section focused on how the activity of some amino acid transporters may modulate the size and composition of the intracellular amino acid pool and the impact that this may have, both directly and by circuitous means (e.g., by affecting cellular hydration, membrane polarity, intracellular Ca 2ϩ ), upon intracellular sensors that regulate signaling via nutrient-sensitive pathways. However, there is increasing recognition that binding of particular amino acids to their respective transporter proteins could also serve as an effective means of sensing amino acid availability at the cell surface if the substrate/carrier-binding event can be transduced to modulate an intracellular signaling response (Fig. 3) . The presence of transceptors [a word coined to reflect the dual transport/receptor function of these plasma membrane proteins (52) ] has been demonstrated in lower eukaryotes such as yeast and Drosophila, and there is now emerging evidence for their existence in the cells of higher eukaryotes. It is notable that the membrane proteins that have thus far been proposed as amino acid transceptors across the different phylogeny all belong to the superfamily of amino acid-polyamine-organocation (APC) Fig. 3 . Generalized schema of possible interactions between AA transporters/ transceptors and major nutrient-responsive signaling pathways in animal cells [target of rapamycin complex 1 (TORC1), general control nonrepressed (GCN)2 pathways]. ATF, activating transcription factor. For clarity, transporter and transceptor functions are shown separately, but it should be stressed that both are incorporated within a true AA transceptor (e.g., Gap1, SNAT2). Transceptors are proposed to exist in both signaling and nonsignaling states: In the diagram, State 1 (AA bound at extracellular surface) is stimulatory, or ON, whereas State 2 (AA bound at intracellular surface) is inhibitory, or OFF, with respect to the TORC1 pathway. This may account for transient activation of the TOR pathway by external methyl-aminoisobutyric acid (Me-AIB) before it accumulates substantially in the cytoplasm. Binding of any AA substrate (for SNAT2 at least) represses the adaptive upregulation of transporter/transceptor expression in response to nutrient deprivation, although whether this requires intracellular or extracellular binding remains a matter of debate. AA transporters may modulate intracellular free AA pools by coupled transport processes at the cell surface, including primary (I), secondary (II), and tertiary (III) active transport (as detailed in Fig. 2 ). In discrete, unperfused extracellular spaces (e.g., synaptic clefts), AA transporter actions may also exert significant effects on extracellular AA pools.
transporters, which suggests that sensing and signaling functions associated with these transporter proteins may have been conserved through evolution.
Amino Acid Sensing and Signaling by Ssy1
Initial evidence supporting the transceptor concept emerged from studies on yeast genetics in which mutations were screened to identify candidate proteins whose dysfunction disabled the uptake of BCAAs and repressed expression of not only amino acid metabolizing enzymes but several genetically distinct amino acid permeases. From the yeast mutations identified, Ssy1 was considered to function as a sensor of extracellular amino acid availability on the basis of its surface localization and the fact that, despite limited transport capability, it shared homology with other yeast amino acid permeases (23, 24, 65) . Ssy1 is now known to operate in conjunction with two peripheral membrane proteins, Ptr3 and Ssy5, to form what is collectively known as the SPS sensor (35) . Binding of amino acids is thought to trigger conformational changes in Ssy1 that are transduced via Ptr3 and Ssy5 to promote the NH 2 -terminal cleavage of two transcription factors, Stp1p and Stp2p, which enables their nuclear entry and ability to promote transcription of genes encoding numerous amino acid permeases. Recent work has suggested that Ssy5 possesses endoprotease activity and that, in response to amino acids interacting with Ssy1, it undergoes a proteolytic processing event that generates an NH 2 -terminal prodomain and a COOH-terminal activity domain that catalyzes the cleavage of Stp1p and Stp2p (1, 86) . What has remained unclear is precisely how Ssy1 amino acid binding and/or transport promote the induction of the proteolysis-dependent signaling pathway, although some very recent studies utilizing Ssy1 mutants that exhibit hyper-or hyporesponsiveness to inducing ligands have shed some interesting insights into this issue (85). Poulsen et al. (102) have mapped the positions of these mutations with respect to their influence on Ssy1 sensor functions and rationalized them in the context of a transporter-like functional model developed using the recently solved threedimensional structure of the bacterial leucine transporter (LeuT). On the basis of their using the LeuT template for 3D comparative modeling, as well as analysis of the apparent substrate affinity of Ssy1 mutants for inducing amino acids and the capacity to process Stp1, Poulsen et al. have suggested that binding of amino acids to Ssy1 in its outward-facing conformation confers signaling competence, whereas an inwardfacing Ssy1 conformation results in a hyporesponsive amino acid sensor (85; see also Fig. 3) .
The SPS-sensing pathway is also regulated by casein kinase I (CKI), which has been suggested to positively influence signaling via the SPS sensor by mechanisms that hitherto have been poorly understood. However, recent analysis of loss-and gain-of-function mutations in Ptr3 have shown that these are associated with reduced or increased phosphorylation of Ptr3, respectively (68) . Intriguingly, defects in PP2A phosphatase activity also give rise to a Ptr3 hyperphosphorylated phenotype that promotes constitutive activation of SPS signaling. Given that a yeast two-hybrid analysis indicates that CKI and Ptr3 can physically interact with the NH 2 -terminal domain of Ssy1, this raises the possibility that CKI and PP2A may serve to coordinate SPS sensing/signaling via modulation of Ptr3 phosphorylation (68) . Such a model presumes that the interaction between CKI and Ssy1 is regulated by amino acid binding to Ssy1 and that Ptr3 phosphorylation promotes activation of the associated Ssy5 endoprotease, which then permits processing of the two transcriptional factors Stp1p and Stp2p (68) .
The General Amino Acid Permease (Gap1)
Although Ssy1 shares homology with other yeast amino acid permeases, it is an extremely inefficient transporter and is considered to function primarily as a sensor of extracellular amino acid availability. However, work from Thevelein's group has provided strong evidence that the general amino acid permease (Gap1), which functions as a broad-range low-affinity amino acid transporter, also functions as an amino acid sensor in Saccharomyces cerevisiae (20, 25) . Yeast cells maintained in a fermentable growth media lacking a nitrogen source (e.g., amino acids) are maintained in a growth-arrested state that is also characterized by a low PKA activity phenotype. However, upon amino acid resupplementation and growth resumption, yeast cells exhibit a rapid activation of the PKA pathway that triggers a sharp fall in cellular trehalose content resulting from a PKA-dependent increase in trehelase activity. Under such circumstances, Gap1 is the principal permease expressed in S. cerevisiae and is directly responsible for initiating the amino acid-induced activation of PKA and trehalase activity. This assertion is based on a number of findings that demonstrate 1) that the rapid activation of PKA signaling does not involve metabolism of amino acids, 2) that activation of PKA and trehelase in response to amino acid supplementation is not observed in cells that are genetically deficient in Gap1, thus excluding amino acid influx via other carriers as a means of regulating PKA signaling, and 3) that although truncations of the NH 2 -terminal cytoplasmic domain of Gap1 have no apparent effect on transport or signaling capacity, truncating the last 46 amino acids of the COOH terminus abolishes both amino acid uptake and PKA signaling. In contrast, expression of Gap1 with smaller truncations of the COOH-terminal domain (12 or 26 amino acids) results in constitutive activation of PKA yet normal rates of amino acid uptake. This overactive PKA phenotype is not observed when Gap1 harboring the shorter truncations is expressed in cells defective in PKA (TPK1 and TPK2) subunit expression (25) . Collectively, the findings that Gap1 expression can be induced or repressed depending on availability of an extracellular nitrogen (amino acid) source and that, in addition to substrate availability, activation of PKA is dependent on the COOHterminal Gap1 domain provide compelling evidence that Gap1 functions as a transceptor. In a very exciting new development, Thevelein's group has now shown that amino acid signaling by Gap1 utilizes the same binding site as amino acid transport, but, although it is thought to involve a ligand-induced conformation change in Gap1, it does not require the complete transport cycle (94) .
Role of CATs and PATs as Amino Acid Sensors
The Drosophila fat body, the vertebrate liver equivalent, has important functions associated with nutrition and tissue growth (89) that depend on the expression and function of two different classes of amino acid transporters. One of these, MDN, encoded by the minidiscs gene, resembles a subunit similar to that of heterodimeric amino acid transporters found in higher eukaryotes, including humans (77) . Mutations in minidiscs give rise to larvae with nonautonomous growth defects in imaginal discs, indicating that amino acid uptake via the MDN transporter in the fat body is likely to form part of a nutrientsensing/signaling pathway that supports the normal maturation and proliferation of imaginal discs (77) . The second class of transporter, encoded by the Slimfast (Slif) gene, shares strong homology with members of the cationic amino acid transporter (CAT) family (19) . Mutations in Slimfast generate larvae that exhibit systemic growth retardation and morphological changes of the fat body, a phenotype resembling that seen in response to amino acid deprivation or loss of TOR signaling (103) . Intriguingly, inhibition of Slimfast within the fat body has a profound suppressive effect on PI 3-kinase directed signaling in other distant endoreplicative tissues [e.g., epidermal and salivary gland cells (19) ], suggesting that influx of amino acids by Slimfast in the fat body may support expression/secretion of a humoral factor that influences signaling and growth in other tissues. The fat body does not express an insulin-like homolog but abundantly expresses a glycoprotein known as acid-labile subunit (ALS), the mammalian ortholog of which binds and stabilizes circulating insulin-like growth factor (14) . Expression of dALS is markedly reduced in the fat body in response to amino acid limitation or inhibition of Slimfast, indicating that the ability to influence signaling and growth in other tissues may depend upon fat body-derived dALS stabilizing and extending the biological half-life of Drosophila insulin-like peptides (19) . Although it remains unclear whether amino acid uptake by Slimfast regulates dALS expression in a dTOR-dependent manner, influx of amino acids by this transporter has been implicated in the activation of TOR signaling to support bulk endocytic uptake while preventing the targeted endocytic degradation of Slimfast (51). Thus, under circumstances of amino acid sufficiency, TOR coordinates a downregulation of endocytic events that would inhibit growth (such as the internalization of Slimfast) while simultaneously upregulating potential growth-promoting functions of endocytosis. It is noteworthy that Slimfast has also been implicated in mosquito vitellogenesis, a process involving yolk deposition during the mosquito reproductive cycle and one that is critically dependent on the expression of yolk protein precursor genes such as vitellogenin by a TOR/S6K1-dependent mechanism (8, 48) . Attardo et al. (8) have identified an additional fat body cationic amino acid transporter (iCAT2), whose expression profile differs from that of Slimfast during the vitellogenic cycle but which nonetheless, like Slimfast, is required for the amino acid-induced expression of vitellogenin. Since expression of iCAT2 is elevated just following activation of vitellogenesis by blood feeding, it has been suggested that its expression is induced in the fat body in response to increased amino acid availability in the hemolymph. Whether iCAT2 is responsible for sensing the changes in circulating amino acid levels after a blood meal and for upregulating its own expression to facilitate amino acid uptake for yolk protein production remains to be determined.
A third class of amino acid transporter that appears to modulate tissue-autonomous growth in Drosophila is one encoded by two genes, CG3424 (path) and CG1139 (43) , related to the mammalian proton-coupled SLC36 amino acid transporters known as the PATs (15) . Mutations in path result in flies with marked reduction in wing and eye size, whereas path overexpression induces overgrowth of the differentiating eye.
Based on a number of developmental assays, the effects of path on cell and tissue growth are thought to be mediated by modulation of TOR signaling to which the Drosophila PAT transporters can be genetically linked. Intriguingly, although the transport characteristics of CG1139 are remarkably similar to those exhibited by mammalian PATs, the path transporter deviates significantly in terms of its pH dependence, substrate specificity/affinity (Ͻ3 M), and its rather limited transport capacity (43) . Moreover, while heterologous expression of path in Xenopus oocytes is associated with a modest activation of S6K1 in response to exogenous alanine supply, it seems incongruent that a carrier with very limited transport capacity, and one that is likely to be saturated at physiological amino acid concentrations, would be able to convey nutrient signals to the TOR pathway with a degree of sensitivity that might reflect changes in extracellular nutrient availability (43) . Consequently, it is likely that path influences growth pathways by a transport-independent mechanism in which, for example, transporter occupancy might provide a constitutive stimulus that helps preserve basal TOR signaling to support growth during periods when nutrient levels may fluctuate significantly. Expression of human PAT transporters may also be linked to cell growth and proliferation, although their substrate preference does not interface well with known amino acid activators of the TOR pathway. PAT transporters are expressed both at the cell surface and in intracellular membranes such as lysosomes; hence, they may potentially interact with intracellular TOR signaling, perhaps in control of autophagy.
Sensing and Signaling via Excitatory Glutamate Transporters
Glutamate is a major excitatory transmitter in the mammalian central nervous system; consequently, glutamate transporters play a critical role in maintaining the integrity and sensitivity of excitatory synaptic transmission (10) . Five major subtypes of excitatory amino acid transporters (EAAT1-5) have thus far been identified, which, along with ASCT1 and ASCT2, constitute the SLC1 family (61) . Of these, the glial glutamate/aspartate transporter GLAST/EAAT1, which is regulated extensively by transcriptional (69), posttranslational (38) , and cytoplasmic trafficking (42) mechanisms, plays a major role in extracellular glutamate clearance (6) . Under circumstances of increased substrate availability, the interaction of glutamate with EAAT1 not only upregulates the activity of the transporter (27, 79) but has been reported to stimulate ERK signaling in astrocyte cultures (2) . The glutamate-induced activation of ERK is thought to require amino acid transport, as it is mimicked by two transportable glutamate uptake inhibitors (DL-threo-b-hyroxyaspartate and L-trans-pyrrolidine-2,4-dicarboxylate), but not by agonists that bind to cell surface glutamate receptors or by dihydrokainate, which selectively blocks astrocytic glutamate uptake via EAAT2 (2). These findings suggest that induction of ERK signaling is closely coupled with glutamate transport mediated primarily through EAAT1 (2). The rapid substrate-induced increase in glutamate uptake is due to an increase in transport V max (27) , which stems from a glutamateinduced redistribution of EAAT1 from a cytosolic pool to the astrocyte plasma membrane (42) . Increases in extracellular glutamate/aspartate not only stimulate recruitment of EAAT1 to the plasma membrane of astrocytes, but the attendant in-crease in amino acid influx via this transport system also influences the surface expression and activity of ASCT2; a carrier that in addition to glutamine and certain other neutral amino acids is also able to transport protonated glutamate (41) . The cellular distribution of ASCT2 is greatly influenced by glutamine generated from glutamate taken up into cells via EAAT1. Consistent with this idea, silencing the expression of glutamine synthetase by using RNA interference leads to a profound loss in glutamate's ability to promote translocation of ASCT2 to the astrocyte plasma membrane (41) . While clearly implicating EAAT1 in the regulation of ASCT2, these findings serve to reinforce the indirect effect that amino acid transporters may exert on cellular functions through their capacity to modulate the intracellular availability/pool size of certain amino acids (as discussed earlier in this review). Although it is currently unknown whether activation of ERK signaling is needed for the cell surface recruitment of EAAT1, recent work demonstrating that a nontransporting EAAT1 inhibitor antagonizes the substrate-induced redistribution of the carrier provides strong support for the notion that the transporter functions both as a sensor and as an effector in a process that rapidly clears extracellular glutamate to prevent excitotoxic damage (42) .
A Role for SNAT2 (System A) in Amino Acid Sensing
One of the best-documented responses to global amino acid withdrawal in mammalian cells is the upregulation of System A transport activity, a response known as "adaptive regulation" (45, 63) . Adaptation of System A to amino acid withdrawal is thought to be a two-stage process: an initial acute phase involves an increase in transport activity that results from the release of transporters from substrate repression upon removal of extracellular amino acids. The second phase involves a time-dependent increase in transport activity that requires an induction of gene expression, based on the finding that it is halted by inhibitors that target transcription and translation (34) . Studies from our laboratory and those of others have now demonstrated that the increase in System A activity associated with cellular amino acid withdrawal is associated with increased expression and surface localization of SNAT2 (40, 54, 67) , which is the most ubiquitously expressed of the three SLC38 family members exhibiting System A-like activity (72) . Despite our long-standing appreciation of the System A adaptation phenomenon, our understanding of the molecular events that permit upregulation of SNAT2 expression in response to amino acid withdrawal and those involved in its repression during amino acid sufficiency is only now beginning to develop.
The increase in SNAT2 expression in response to amino acid withdrawal will, in part, be facilitated by the activation of the GCN2 pathway and transcription of ATF4-dependent genes, of which SNAT2 is one (92) . Activation of this pathway appears to depend on the overall level of cellular stress imposed and, perhaps surprisingly, is usually more pronounced when a single amino acid is withdrawn than when total amino acid starvation is imposed. Moreover, the finding that the 5Ј-UTR of the SNAT2 mRNA contains an internal ribosome entry sequence (IRES) suggests that SNAT2 mRNA will be efficiently translated via a cap-independent mechanism despite any global reduction in protein synthesis that would be associated with amino acid starvation (37) . Notwithstanding the important contribution that these latter processes will make to an increase in System A expression/activity, there is also mounting evidence that interactions between SNAT2 and its substrates may play an important role in the adaptation response. Indeed, the notion that System A might sense substrate availability was first mooted nearly three decades ago by Gazzola et al. (39) on the basis of the observation that the adaptive increase in transport activity could be repressed by System A reactive amino acids in cultured human fibroblasts. We have recently extended this idea by demonstrating that the induction in SNAT2 protein in amino acid-deprived L6 muscle cells can be attenuated upon resupply of a single substrate amino acid to culture medium that otherwise remains amino acid deficient (55) . Since the increase in uncharged tRNA levels is unlikely to subside by resupplementation of a single SNAT2 amino acid, the finding implies that the repressive signal is dominant over that inducing transporter expression via the GCN2/ATF4 signaling axis. The observed repression does not require substrate metabolism, as it is mimicked by Me-AIB, a nonmetabolizable SNAT2 substrate. Importantly, studies involving a SNAT2 reporter gene whose expression can also be induced by cellular amino acid withdrawal have revealed that the potency with which SNAT2 substrates (such as Me-AIB) repress SNAT2 expression is correlated very tightly with their transport K m for SNAT2 (55) . On the basis of these findings, we have suggested that occupancy of the SNAT2 substrate-binding site (signifying an amino acid-sufficient state) invokes a repressive signal that blunts the adaptive response. In support of this idea, shRNA-mediated silencing of SNAT2 in amino acid-replete cells (an intervention that would reduce this putative repressive signal) results in the increased expression of a SNAT2-luciferase reporter gene, whereas SNAT2 overexpression reduces the reporter readout (55) . Precisely how SNAT2 transporter occupancy is sensed and how this is transduced to an event that regulates distal transcriptional events still remain unknown. However, it is possible that SNAT2 may, depending on substrate binding, adopt a conformation that permits it to signal to molecules regulating its expression. One intriguing possibility is that SNAT2 signaling capability may switch between ON and OFF states depending on whether Me-AIB is bound at the outer cell surface, based on the concept of Ssy1 signaling proposed by Kielland-Brandt et al. (85) . The stability of these states may conceivably be influenced by covalent modification of SNAT2, for example by phosphorylation, which might modulate the response dependent on other signals such as growth factors. Recent crystallographic studies assessing the mechanisms that govern nutrient binding and translocation within bacterial transporters such as the lactose permease (3), LeuT (91, 107) , and vSGLT (the bacterial ortholog of human SGLT1) (31) , have suggested that these archetypal nutrient transporters may adopt "rocker switch" or "gated pore" conformations that may also include intermediate occluded conformations in which the substrate-binding site is temporarily "closed off" to both sides of the cell membrane (62) . The idea that SNAT2 may adopt such conformations is supported by the fact that this transporter is susceptible to trans-inhibition, an effect that can be rapidly imposed by the excess accumulation of System A substrates on the cytoplasmic side that suppress further amino acid uptake from the extracellular compartment. Mechanistically, the trans-inhibi-tory effect exerted by cytoplasmic substrates is hypothesized to "lock" or "trap" System A transporters in their inward-facing conformation by either preventing substrate unloading or inhibiting the unloaded carrier from returning to its outwardfacing conformation as part of the normal transport cycle. Consequently, trans-inhibition may not only provide a rapid means for restraining overexpansion of the intracellular amino acid pool during periods of amino acid sufficiency but may also form part of a mechanism that regulates tranceptor-mediated signaling with respect to both intra-and extracellular amino acid availability.
An additional line of evidence that indicates a potential role for SNAT2 in amino acid signaling comes from the work of Bevington and coworkers, who have recently reported that incubation of muscle cells with a saturating dose of Me-AIB exerts a stimulatory effect on insulin-stimulated PI 3-kinase activity and PKB/Akt phosphorylation (29) . In contrast, silencing SNAT2 expression using RNA interference had a suppressive effect on the lipid kinase activity of PI 3-kinase (29) . It currently remains unclear how SNAT2 may modulate PI 3-kinase/PKB signaling, but such a response may act to synergize the effects of insulin on the TOR pathway. In preliminary work from our own laboratory using MCF7 cells (a human breast adenocarcinoma cell line), we have observed that SNAT2 may directly regulate TOR signaling on the basis that incubation of these cells with Me-AIB induces a rapamycin-sensitive phosphorylation of S6K1 despite promoting a reduction in intracellular amino acids as a result of suppressing uptake via a common carrier or one dependent on influx through a System A-coupled heteroexchanger (Pinilla-Tenas J, Hundal HS, and Taylor PM, unpublished data). It is conceivable that the positive effects associated with Me-AIB treatment upon TOR signaling are mediated by activation of nutrient sensitive intracellular kinases akin to either Ste20 (33) or hVps34 (46) rather than by SNAT2 itself; however, as yet there is no evidence in the literature that links activation of these proteins either to SNAT2 activity or indeed to the presence of synthetic amino acid analogs such as Me-AIB.
Is there any scope for the idea that SNAT2 itself may initiate an amino acid-dependent signal? Numerous proteins have been reported to interact with amino acid transporters (see Ref. 57 for examples), some of which have the potential to modulate cell signaling. Such interactions are most likely to occur via domains located within the intracellular hydrophilic regions of transporters. In the case of the Ssy1 (SPS) sensor, the extended NH 2 -terminal cytoplasmic domain is thought to be critical for facilitating interactions with CK1 and Ptr3 and for the conference of amino acid responsiveness of the sensor (35) . Our own recent work suggests that the NH 2 -terminal cytoplasmic domain of SNAT2 may be important in stabilizing SNAT2 expression during amino acid deficiency (55) , which may occur as a result of proteins interacting with and promoting phosphorylation or ubquitination of this part of the transporter (50, 81) . Membranocytoskeletal proteins [ankyrin and fodrin (47) ], as well as integrin-␣3/␤1 dimers (78) , have been shown to interact with System A and may be important in regulating the localization and the activity of this carrier, but whether such interactions are mediated by the NH 2 -terminal region of the transporter and have a role in amino acid sensing and signal transduction have yet to be addressed. Recent work has reported the existence of an anion leak conductance associated with SNAT2 that is subject to differential inhibition by transported amino acid substrates (105) . Although the precise significance of this SNAT2 anion conductance is currently unknown, the movement of anions via other secondary active transporters such as those for glutamate and neurotransmitters (e.g., GABA, serotonin, and dopamine) is well documented (61) and, at least in the case of the dopamine transporter, has been shown to be important in regulating presynaptic excitability (58) . It is conceivable that, along with other anion conductances, that mediated by SNAT2 may contribute to maintaining the resting membrane potential or alternatively, given that it is differentially inhibited by SNAT2 substrates, that it may represent a component of the mechanism that senses carrier occupancy by different substrates.
Summary and Future Developments
In this review, we have summarized evidence for the role of amino acid transporters as sensors of both extracellular and intracellular amino acid availability. Our current interpretation, as regards signaling through the TORC1 and GCN2 pathways, is summarized in Fig. 3 . In this schema, it is evident that the coupling of amino acid transport activities is likely to play an important part in determining the size and composition of the intracellular amino acid pool and, hence, signaling downstream of intracellular amino acid sensors. However, we still require a better understanding of both the kinetics of transporter coupling and the nature of the intracellular amino acid-sensing mechanisms at the molecular level if we are to fully reveal the functional importance of membrane transporters in the overall amino acid sensing process. Studies in lower eukaryotes will continue to throw light on the fundamental mechanisms of nutrient sensing and transceptor action and will provide a valuable framework for us to elucidate their functions in mammalian cells. The transceptor-like properties of mammalian proteins such as SNAT2 are likely to produce relatively subtle changes in cell metabolism under physiological circumstances compared with those described for analogous systems in yeast such as Ssy1, due largely to the homeostatic protection afforded by the extracellular fluid and the influence of endocrine factors. Continued advances in our understanding of how mammalian transceptors initiate intracellular signals are likely to involve greater use of transgenic technologies (e.g., to silence SNAT2 or LAT1 gene expression) for both in vivo and in vitro studies and, at the molecular level, will focus increasingly on the mechanism(s) of transceptor function (e.g., in relation to substrate-induced conformational changes and their effects on downstream signaling intermediates). In the long run, these advances may reveal novel approaches by which pathways influencing cell growth and proliferation can be modulated either 1) to switch on protein-anabolic signals in circumstances of cellular protein wasting (and, hence, to improve treatments for diseases including cachexia and agerelated sarcopenia) or 2) to silence these signals in order to suppress the excessive cellular growth and proliferation seen in certain tumors.
